Introduction
In the hot forming operations of metallic materials, the life of hot work die is restricted due to their severe working conditions mainly by virtue of thermal and mechanical loadings. 1) During the filling and forging, heating stage, the thermal expansion of the surface layer is constrained by the cool sub-layers, and a compressive stress field develops at the surface. During waiting or lubricating period, cooling stage, the contraction of the surface is hindered by hot the sub-layers, and a tensile stress state appears at the surface. Under such working conditions the die material is subjected to a significant damage through a process of non-isothermal low cycle fatigue. This thermo-mechanical fatigue (TMF) process is one of the main causes of die failure in hot working process and is responsible for the 70 % of the failures in die casting. 2) However, TMF testing requires expensive equipment and is time-consuming, furthermore, the fatigue life prediction with varying temperature is usually based on isothermal fatigue (IF) tests run at the maximum operating temperature. In fact, the IF test is not sufficient for the evaluation of TMF life. 3) In the practical operation, rapid temperature changes combined with high temperature gradients inside the hot work die induce the thermal fatigue (TF) loading. 4) So the research of TF is of interest for die casting and warm forging industries, where die materials are required to have high strength, high toughness, and high tempering resistance to endure erosion, wear and thermal fatigue. A large number of researches have been carried out on the TF behaviors of forged die steel [5] [6] [7] [8] [9] [10] ; but only little attention has been focused on that of cast die steel. In fact, it is very important and valuable to replaces the forged die steel with the cast die steel, as to shorten the production cycles and decrease the processing costs. An investigation on the thermal fatigue of a new type high-Cr cast hot work die steel has been carried out and reported in this paper.
Experiment
The new type high-Cr cast hot work die steel, which is developed in this laboratory, has a nominal composition as shown in Table 1 . The test materials were melted in a medium frequency induction furnace and cast into bars. The TF specimens were machined to a gage size of 40ϫ20ϫ2 mm, as shown in Fig. 1 , and an additional notch with the gage width of 0.2 mm and length of 6.0 mm was cut by electric spark machining to facilitate the TF crack initiation and The thermal fatigue (TF) behavior of a new type high-Cr cast hot work die steel was investigated. The results indicate that TF cracks initiate at the grain boundaries or at the interface between inclusion and matrix, which had been oxidized, and then propagated along the grain boundaries. The thermal fatigue crack initiation and propagation have been accelerated greatly by oxidation. The new type cast high Cr hot work die steel has a better thermal fatigue resistance compared to 4Cr5MoSiV1(8407) steel under thermal cycling temperatures of 650-25°C. Good oxidation and temper resistances are the main causes for the better TF resistance of the new type high-Cr cast hot work die steel.
KEY WORDS: thermal fatigue; cast hot work die steel; crack initiation and propagation; oxidation and temper resistances. propagation. The specimen was ground to R a 0.8 mm before TF test to reduce the influence of surface machine marks. Before final machining, the following heat treatment process was performed: Austenizing at 1 020°C for 1 h, oil quenched, followed by tempering at 560°C for 2 h and air cooled. The optical microstructure is shown in Fig. 2 , which is mainly composed of martensite, bainite and some fine carbide precipitates. The U-notched Charpy impact toughness is 16-24 J/cm 2 , and the hardness is HRC 41-43. The TF test rig was designed to test with multiple specimens at the same time in order to give a good comparison under identical testing conditions. The temperature was measured by a thermocouple, which was spot-welded directly to the specimen. The TF tests were conducted at temperatures between 650°C and 25°C, and the specimen is free from any externally applied load. A complete TF cycle includes heating for 75 s up to the maximum cycling temperature (650°C), and then water cooling for 4 s to the minimum cycling temperature (25°C). The TF tests were regularly interrupted for measuring the length and width of main cracks by a reading microscope with a magnification of 10 and for observing the evolution of the surface morphology by an optical microscope (OM) and a scanning electron microscope (SEM) of the model JSM-5310 equipped with a energy-dispersive spectra (EDS) to clarify the crack initiation and propagation behavior of the specimens.
Results and Discussion
In this work, the TF behavior of the new type high-Cr cast hot work die steel and forged 4Cr5MoSiV1(8407) steel were investigated. Thermal fatigue property of materials is dependent on the resistance of crack initiation and propagation. Figure 3 shows that TF cracks initiate at the oxidized grain boundaries and at the interface between inclusion and matrix. In the thermal cycles, dislocation movement may generate large numbers of vacancies, and these vacancies will congregate at grain boundaries by the interaction of temperature and thermal stress to form micro cracks.
11) On the other hand, there are lots of inclusions in the matrix, and the thermal expansion coefficient and elastic modulus of these phases are different from those of the matrix, therefore, this will result in stress concentration at the interface between inclusion and matrix in the course of thermal cycles. 12) At the same time, dislocation may pile up around these inclusions to induces stress concentration at the interface between inclusion and matrix too. With the mutual action of these two kinds of stress concentration, the particles are separated from the matrix to form micro cracks at the interface between inclusion and matrix. 4 shows TF cracks propagating along the oxidized grain boundaries. After the TF cracks have initiated, the grain boundaries which contact with the micro crack are oxidized easily to form brittle oxidized zones and become the paths of TF cracks propagation. Table 2 shows the chemical compositions of points 1 and 2 shown in Fig. 4 . The results indicate that oxygen atomic content of oxidized zones at the grain boundaries is almost 2 times as high as that of the matrix. Thus it is clear that the TF mechanism of hot work die steel is strongly related to oxidation which can accelerate greatly the failure of die materials. Figure 5 and Table 3 show the TF crack morphology and size after 2 000 thermal cycles of both the new type high-Cr cast hot work die steel and the 4Cr5MoSiV1(8407) steel, respectively. It is evident that the new type high-Cr cast hot work die steel has better TF resistance compared to the 4Cr5MoSiV1(8407) steel under the thermal cycling temperatures of 650-25°C. According to Table 3 , the TF main crack length and width of 4Cr5MoSiV1(8407) steel are 1.35 and 2.80 times as large as those of new type highCr cast hot work die steel, respectively. Malm and Norstrom analyzed the relationship between plastic strain amplitude (e P ) and mechanical properties of materials during thermal cycles, as shown in Eq. (1). 13) ... (1) Where a is the linear thermal expansion coefficient, n, s and E are the Poisson's ratio, yield strength and Modulus of Elasticity, respectively. The subscripts 1 and 2 correspond to T 1 and T 2 temperatures. If the changes of E and n are ignored during thermal cycles, Eq. 14) The results of the present work show that the new type high-Cr cast hot work die steel and 4Cr5MoSiV1(8407) steel have the same hardness HRC 43 at room temperature. But the thermal stability of the former is better than that of the latter. As shown in Table 4 , after 2 000 thermal cycles, the hardness of new type high-Cr cast hot work die steel is still higher than HRC 31; while the hardness of 4Cr5MoSiV1(8407) steel drops to HRC 26. So after 2 000 thermal cycles, the strength of new type high-Cr cast hot work die steel is higher than that of 4Cr5MoSiV1(8407) steel, in other words,s 2 -s 1 of the new type high-Cr cast hot work die steel is smaller than that of the 4Cr5MoSiV1(8407) steel. Based on Eq. (2), the e P of new type high-Cr cast hot work die steel is smaller than that of 4Cr5MoSiV1(8407) steel. Therefore, it can be concluded that the TF resistance of the new type high-Cr cast hot work die steel is better than that of the 4Cr5MoSiV1(8407) steel, which is accord with the present tests.
The TF failure is subjected to the interaction of thermal strain and oxidation. As compared to the 4Cr5MoSiV1(8407) steel, the new type high-Cr cast hot work die steel has higher Cr content to form a protective Cr-rich oxide. In fact, oxidation resistance of the new type high-Cr cast hot work die steel is superior to the 4Cr5MoSiV1(8407) steel, as shown by the data given in Table 5 . After heating for 50 h at 650°C in air, the oxidation-induced mass gain of 4Cr5MoSiV1(8407) steel is 1.89 times larger than that of new type high-Cr cast hot work die steel. In the course of thermal cycling, 4Cr5MoSiV1(8407) steel is easily oxidized and engenders lots of oxides. Because the bonding between the oxides and the matrix is loose, the TF cracks can initiate easily under the action of thermal strain. The oxides engender constantly and enter the tips of cracks like wedges to accelerate the propagating of TF cracks. The new type high-Cr cast hot work die steel has smaller thermal strain and better oxidation resistance, therefore it results in better TF resistance than 4Cr5MoSiV1(8407) steel.
Conclusions
(1) TF cracks initiate at the oxidized grain boundaries and at the interface between inclusion and matrix, and then propagate along the oxidized grain boundaries. The thermal fatigue mechanism of hot work die steel is strongly related to oxidation which accelerates greatly the crack initiation and propagation.
(2) The new type high-Cr cast hot work die steel has a better thermal fatigue resistance compared to 4Cr5MoSiV1(8407) steel. Under the thermal cycling temperatures of 650-25°C, both the TF main crack length and width of 4Cr5MoSiV1(8407) steel are much larger than those of the new type cast high Cr hot work die steel. The good oxidation and temper resistances are the main reasons for the good TF resistance of the new type high-Cr cast hot work die steel.
